Primary biliary cholangitis (PBC) is a chronic cholestatic liver disease characterized pathologically by destruction of intrahepatic bile ducts. PBC is largely classified into three subtypes based on clinical course: (i) gradually progressive, (ii) portal hypertension, and (iii) hepatic failure. Previous studies have indicated that serum levels of the pro-inflammatory cytokine TNF-α, is elevated in PBC patients with fibrosis. Although the severity of cholangitis might also be related to the PBC subtype, its etiology has been unclear. Several studies have shown that microRNAs (miRNAs) demonstrate specific expression patterns in various diseases. In the present study, we evaluated miRNA expression patterns among the PBC subtypes using comprehensive deep sequencing. We also carried out histologic examination by laser capture microdissection and investigated how the identified miRNAs were involved in PBC clinical progression using the miRNA transfection method. On average,~11 million 32-mer short RNA reads per sample were obtained, and we found that the expression levels of 97 miRNAs differed significantly among the four groups. Heat mapping demonstrated that the miRNA profiles from hepatic failure and portal hypertension type were clustered differently from those of the gradually progressive type and controls. Furthermore, we focused on miR-139-5p, which has an adequate number of total short reads. Quantitative reverse transcription PCR showed that miR-139-5p was significantly downregulated in clinically advanced PBC. Also, examination of liver tissues demonstrated that the expression of lymphocyte-derived miR-139-5p was significantly higher in hepatocytes. In vitro, the level of TNF-α was significantly elevated in supernatant of cells with upregulation of miR-139-5p. Furthermore, c-FOS gene transcription was repressed. Thus, we have demonstrated a novel inflammation-regulatory mechanism involving TNF-α and c-FOS transcription through miR-139-5p in the NF-κB signaling pathway. We conclude that the specific miRNA miR-139-5p might be involved in the pathogenesis of PBC, especially during clinical progression.
Primary biliary cholangitis (previously called primary biliary cirrhosis) (PBC) is a chronic cholestatic liver disease pathologically characterized by destruction of the intrahepatic bile ducts. 1 The etiology of PBC appears to involve a variety of factors, and the contributions of autoimmune mechanisms, genetic predisposition, and environmental factors have been reported previously. 2, 3 Moreover, PBC is characterized serologically by the presence of anti-mitochondrial antibody directed against the E2 subunit of the pyruvate dehydrogenase enzyme complex, and an increased level of serum immunoglobulin M. 4, 5 PBC is also often complicated by other autoimmune diseases, such as chronic thyroiditis, Sjögren's syndrome, and rheumatoid arthritis. 6, 7 Thus, abnormal immune responses might induce inflammations of cholangiocytes and may be involved in the pathogenesis of PBC. Indeed, previous studies have demonstrated increased serum levels of pro-inflammatory cytokines (IL-6, TNF-α, IFN-γ) in PBC patients with fibrosis. 8, 9 Some genome-wide association study in a PBC population from some countries have demonstrated the specific susceptibility loci, suggesting a genetic predisposition. [10] [11] [12] [13] These findings suggest that genetic factors contribute to the development of PBC. Currently, some murine animal models of PBC are available. 14 With these models, substantial progress have been achieved to clarify the pathogenesis of PBC. However, the exact mechanism of pathogenesis in PBC have remained unclear.
Because of wider recognition of the disease and improvements in diagnostic procedures,~70-80% of patients with PBC are clinically diagnosed in the early or asymptomatic stage. The majority of these patients respond well to standard medical therapy, for example, using ursodeoxycholic acid (UDCA), resulting in a stable course over several decades. 15, 16 However, other patients develop symptoms such as pruritus, jaundice, severe ascites, or hepatic encephalopathy owing to liver damage, and show progression to liver failure within a short period. 15, 17 The remaining patients develop portal hypertension and esophageal varices without overt jaundice, and at some stage will require liver transplantation or endoscopic treatment for prevention of esophageal varices. 18, 19 Therefore, the prognosis of PBC varies according to the clinical course. Patients who develop hepatic failure have a poor prognosis, with a 5-year survival rate of o50%. [20] [21] [22] The clinical course of PBC can be classified into three subtypes:
(i) Gradually progressive type: in which a major proportion of patients respond to drug therapy, showing gradual progression and remaining asymptomatic for a long period. (ii) Portal hypertension type: in which patients have symptoms such as pruritus and develop esophageal varices as a result of portal hypertension, without overt jaundice. (iii) Hepatic failure type: in which patients rapidly develop overt jaundice and ultimately hepatic failure, accounting for only a small proportion of cases.
Recently, diagnosis of PBC has become relatively easy on the basis of laboratory hallmarks and histological characteristics. 23 However, prognosis at the time of initial diagnosis is still difficult, because of the lack of reliable predictive markers. Therefore, it is clinically very important to establish a reliable surrogate marker for predicting the clinical course of PBC. Furthermore, it would be expected that clarification of the mechanism responsible for clinical progression to portal hypertension or liver failure would have an impact on treatment and, possibly, prognosis. microRNAs (miRNAs) are small, endogenous non-coding RNA molecules comprising 19 to 24 nucleotides. They bind imperfectly to complementary sequences in the 3' untranslated region (UTR) of target messenger RNAs and repress their translation, 24, 25, 26, 27 and in this capacity miRNAs are important regulators of protein expression. miRNAs have also been attracting attention recently because previous studies have revealed that they show specific patterns of expression in a variety of diseases. 28, 29 miRNA expression patterns in either tissues or serum of PBC patients have also been reported. For example, miR-506 is upregulated in cholangiocytes from PBC patients and related to decreased AE2 activity. 30 Specific expression profiling patterns of 35 miRNAs in liver biopsy samples from PBC patients have also been reported, 31 and a microarray study has shown that 17 miRNAs were differentially expressed relative to controls in peripheral blood mononuclear cells from patients with PBC. 32 Deep sequencing has also revealed that PBC patients have specific serum miRNA expression patterns in comparison with healthy controls or patients with viral hepatitis. 33 These reports suggest that miRNAs have potential as biomarkers and might play a role in the pathogenesis of PBC.
In the present study, we evaluated patterns of miRNA expression in serum samples from patients with the three distinct clinical subtypes of PBC using the comprehensive deep sequencing technique, and attempted to identify novel biomarkers for predicting these clinical subtypes. Using samples of liver tissue and a cultured cell line, we also investigated the mechanism by which the identified miRNAs might be involved in the progression and aggravation of PBC. In addition, computer analysis of differentially expressed miRNAs was conducted to predict the target genes and their biological functions. Finally, we evaluated the function of the identified miRNAs to clarify the mechanisms involved in the disease progression of PBC.
MATERIALS AND METHODS PBC Patients and Healthy Volunteers
The diagnosis of all cases was based on internationally established criteria with liver biopsy. 23 In this way we were able to exclude patients with chronic viral hepatitis, autoimmune hepatitis (AIH), PBC and AIH overlap syndrome, and other malignant tumors. After 2 years of treatment with UDCA, we judged the responses shown during the clinical course using international criteria. 34 On the basis of the treatment response, we then classified the PBC patients into three groups according to their clinical course as follows: (i) the predominant form in which progression is gradual and the patients remain asymptomatic for a long period (gradually progressive type), (ii) a form in which the patients develop portal hypertension without jaundice (portal hypertension type), and (iii) a form in which a small proportion of patients rapidly develop hepatic failure with jaundice (hepatic failure type). Patients with each of these three PBC subtypes, and healthy subjects as controls, were enrolled in this study (n = 7, 6, 6, and 6, respectively) ( Table 1 ). In the following experiments, we initially decided to measure miRNAs in serum samples from patients with the various PBC subtypes to identify their patterns of expression. For this purpose, we prepared serum from a total of 19 PBC patients and 6 healthy controls. All the study protocol above was approved by the Ethics Committee of Yamagata University Faculty of Medicine (#25-82), and written informed consent was obtained from each individual. 35 making it an ideal tool for this type of study. The instrument employed for this purpose was an Illumina Genome Analyzer IIx (Illumina, CA, USA).
Total RNA was extracted from 800 μl of serum from each of the PBC patients and healthy controls using Trizol LS (Invitrogen, CA, USA). miRNA libraries were then prepared from total RNA using the TruSeq Small RNA Sample Prep Kit (Illumina), as described in a previous report. 33 The miRNA libraries were sequenced on a deep sequencer (SCS 2.8 software; Illumina), with a 32-mer single-end sequence. Image analysis and base calling were performed using RTA 1.8 software.
Sequencing and Statistical Analysis
Raw miRNA sequence reads were checked for quality, and the 3' and 5' adapter sequences were cut by cutadapt softwere while discarding reads shorter than 20 nucleotides. 36 The sequence reads were aligned with miRBase (June 2014 release) and hg19 (human genome 19, UCSC) used by bwa (0.5.9-r16), allowing one nucleotide base mismatch. 37, 38 Digital expression levels were neutralized by taking account of the length of the miRNAs. The total number of miRNA reads generated in each library was expressed using trimmed mean of M values (TMM) normalization. 39 Read counts for each isolated miRNA were normalized to the total number of miRNA reads, and then the ratio was multiplied by a constant set to 1 × 10 6 . One-way analysis of variance (ANOVA) was performed on the number of sequence reads with P-values, comparing differentially expressed miRNAs in the disease group. Differentially expressed miRNAs were filtered using a P-value cutoff of 0.05. Hierarchical clustering was performed using the R platform and a heatmap described as using a function of heatmap.2 in gplots. 40 
Validation Study
In addition to initial samples analyzed by deep sequencing, more serum samples from patients with the three PBC subtypes and healthy controls (a total of 12, 7, 7, and 11 samples in each group) were used in a validation study employing quantitative RT-PCR. The protocol was previously reported by Mitchell. 41 We used Caenorhabditis elegans microRNA-39 (cel-miR-39) (5′-UCACCGGGUGUAAAUCA GCUU-3′) as an internal control miRNA. Cel-miR-39 was synthesized by Sigma Aldrich Japan (Tokyo, Japan). Reverse transcription was conducted using a TaqMan miRNA RT kit (Applied Biosystems, CA, USA) for identification of cel-miR-39 expression in the presence of the internal control at 5 fmol/ml. qRT-PCR was conducted for detection of the identified miRNAs in 20-μl PCR reaction volumes using the TaqMan MicroRNA assay (Applied Biosystems), as reported previously. 33 Levels of expression of the identified miRNAs detected by qRT-PCR were normalized to cel-miR-39 and presented as the fold change (2 − ΔΔCt ) above the level for the healthy control (healthy-4): ΔΔCt = (Ct miRNA -Ct cel-miR-39 ) patients − (Ct miRNA -Ct cel-miR-39 ) healthy . These normalized levels of miRNA expression were compared among the PBC subtypes using Student's t test.
Furthermore, in PBC patients for whom follow-up was possible, we measured the levels of miRNA at two years after initial therapy and assessed the degree of change. 
Examination of miRNA Expression in Liver Tissue of PBC Patients
We identified the patterns of miRNA expression in serum samples from patients with the various PBC subtypes. For more detailed investigation of whether these miRNAs were involved in the clinical progression of PBC, we also examined the expression of miRNAs in liver tissue from the PBC patients. We searched for the possible cellular origin of the miRNAs using the laser capture microdissection (LCM) technique (PALM-MBI, Carl Zeiss, Jena, Germany) and digital PCR quantification (QuantStudio 3D Digital PCR System, Life Technologies, CA, USA) on formalin-fixed paraffin-embedded (FFPE) liver tissues. To identify the origin of miRNA expression in liver tissue from PBC patients, areas containing hepatocytes, or infiltrating lymphocytes in areas of chronic non-suppurative destructive cholangitis (CNSDC), were each dissected out selectively, and the cell-derived miRNAs were extracted using a miRNeasy FFPE Kit (QIAGEN, Hilden, Germany) in accordance with the manufacturer's instructions. As the amounts of the extracted miRNAs were extremely small, it was very difficult to measure them quantitatively using a traditional real-time PCR system. Therefore, we employed a digital PCR apparatus capable of assaying very low concentrations with high sensitivity. 42 In situ Hybridization The sites of expression of specific miRNAs were then further confirmed using in situ hybridization (ISH) employing a miRCURY LNA microRNA ISH Optimization Kit (EXIQON, Vedbaek, Denmark) in accordance with the manufacturer's protocol. ISH is a technique for visualizing miRNA expression in tissues. We used FFPE tissue sections from patients with gradually progressive PBC-containing areas of CNSDC and detected the miRNA signals using a double-DIG-labeled LNA probe that hybridized with the miRNA sequence. This allowed us to identify and visually confirm the localization of miRNAs in PBC tissue.
Cell Culture and Transfection of miRNA (in vitro)
The human Huh7 cell line was used for functional analysis of identified miRNAs in vitro. Specific miRNAs in Huh7 cells were artificially upregulated using a lipofection method and their cellular functions were then evaluated. First, we disseminated 1 × 10 5 cells at 60-70% confluency into six-well plates. After one passage overnight, we upregulated the miRNA by addition of a miRNA mimic in accordance with the manufacturer's recommendation (miRVana miRNA Mimics, Life Technologies). A negative control was included in every experimental model. After miRNA transfection, we cultured the cells continuously for 3 days, and then harvested the cell culture supernatants. We then measured the concentrations of various pro-inflammatory cytokines using an ELISA kit (MULTIPLEX Pro-Inflammatory Cytokine Kit, COSMO BIO, Tokyo, Japan).
In silico Analysis To determine the possible target genes of the differentially expressed miRNAs, we searched the TargetScan Human 7.0 (August 2015 release, http://www.targetscan.org) and micro-RNA.org (August 2010 release, http://www.microrna.org) database. TargetScan is able to predict the highest number of known miRNA targets in mammals obtained from TarBase 6.0. MicroRNA.org is a comprehensive resource of miRNA targets based on the miRanda algorithm. Additionally, they take into account the importance of conservation of target sites in the 3'-UTR of the gene across several species. As generally there are very many predicted target genes, because of the fact that a single miRNA can regulate the expression of multiple genes, we selected the predicted target genes of identified miRNAs having multiple target 3'-UTR sites and having a more marked effect. Furthermore, we predicted a pathway between the identified pro-inflammatory cytokine and the miRNA target gene.
Western Blotting
The actual target protein in Huh7 after artificial upregulation of the miRNA was evaluated by western blotting. To obtain total protein extracts, the transfected Huh7 cells were collected and cell lysates were prepared from them (CellAmp Direct Prep Kit, TaKaRa, Shiga, Japan). The miRNA-targeted protein and β-actin signals were detected On average, we obtained~11 million 32-mer short reads per sample, and the mapping rates to miRBase or hg19 were as shows. Finally, we obtained a total of 1514 database-registered miRNAs from total short reads. Among them, 97 miRNAs were found to differ significantly among the four groups.
miR-139-5p and clinical progression of PBC T Katsumi et al by chemiluminescence using a ChemiDoc XRS Plus System (BioRad, CA, USA), and their standardized protein volumes were quantified by Image Lab Software (BioRad). All antibodies were purchased from Santa Cruz Biotechnology.
RESULTS

Comprehensive Deep Sequencing Analysis
Using single-end deep sequencing, we analyzed circulating miRNAs detected in 25 serum samples from patients with PBC and healthy controls. On average,~11 million 32-mer short reads per sample were obtained. After excluding the adaptor and tag sequences of the reads using cutadapt, the resulting high-quality reads were analyzed. 36 The miRBase and hg19 mapping rates were 9.26 and 69.94% on average, respectively ( Table 2) . We normalized the differential expression of miRNA count data using the TMM normalization process, and the number of individual miRNA reads was standardized by a total number of 1 000 000 reads per sample. 39 Subsequently, for comparison of the four groups, the differential expression levels of miRNA were extracted using ANOVA. Finally, we obtained 1514 database-registered miRNAs from the total short reads. Furthermore, among a total of 1514 miRNAs obtained, the calculated P-value and the expression levels of 97 miRNAs were found to differ significantly among the four groups (Po0.05).
Heat mapping and hierarchical clustering demonstrated that the miRNA profiles from both the hepatic failure and portal hypertension groups were clustered differently from those of the gradually progressive and control groups (Figure 1) . Notably, there was a characteristic difference in the patterns of miRNA expression in the portal hypertension and hepatic failure groups. The expression patterns in the gradually progressive group were similar to those in the healthy controls. Eight miRNAs were characteristically upregulated (more than fivefold) and 11 miRNAs were downregulated (o0.25-fold) in the hepatic failure and portal hypertension groups. The miRNA showing the greatest increase was miR-5096 (Table 3A) , whereas that showing the greatest decrease was miR-5001-3p (Table 3B ). However, as these miRNAs had small numbers of total reads sufficient confirmation of the validation was not possible. However, it Figure 1 Heat mapping and clustering analysis. Heat mapping was performed and described using a function of heatmap.2 in gplots. It uses hierarchical clustering with Euclidean distance; Pearson Linear Correlation; and Ward's method are used to generate the hierarchical tree. Red indicates a high level of miRNA expression and blue indicates low expression. Heatmap demonstrates that 97 identified miRNAs profiles from both the hepatic failure and portal hypertension types were clustered differently from those of the gradually progressive type and controls.
was demonstrated that some specific miRNAs appeared to be associated with the clinical progression of PBC.
miRNA Selection and Validation by Real-Time PCR Among 97 miRNAs for which quantification was possible based on their significant expression patterns and adequate number of total short reads, we focused on those that had been commonly identified in serum of PBC patients. 33 As it has been reported that miR-139-5p is persistently and specifically expressed in PBC, we speculated that it would have a specific role in the pathogenesis of various clinical subtypes of PBC. We used qRT-PCR to verify the data obtained by deep sequencing. In addition to the initial samples, 10 additional cases of PBC and control samples were quantified. The relative expression levels were analyzed by TaqMan Micro-RNA Assay and normalized relative to cel-miR-39 as an internal control. The levels of miR-139-5p expression in the hepatic failure and portal hypertension groups were significantly reduced in comparison with the healthy controls ( Figure 2 ). In the gradually progressive group, the expression of miR-139-5p tended to be lower than in the healthy controls, but not to a significant degree. Thus, we were able to confirm that miR-139-5p was significantly downregulated in clinically advanced PBC.
Furthermore, miR-139-5p tended to increase in the gradually progressive type (supplementary Figure 1) , whereas these levels tended to decrease in both portal hypertension and hepatic failure type. However, these chronological changes were not significant (paired t-test).
Evaluation of The Level of miR-139-5p Expression in Liver Tissue From Patients with PBC
Using LCM, we investigated the expression of miR-139-5p in FFPE liver sections from patients with PBC. We selectively dissected out lymphocytes in CNSDC and areas of hepatocytes in which there were no infiltrating lymphocytes (Figure 3a) . When we measured the expression of miR-139-5p using digital PCR, that derived from lymphocytes was significantly higher than that derived from hepatocytes ( Figure 3b) . We also conducted similar examinations using disease controls (AIH, chronic hepatitis C: CHC), and found that lymphocyte-derived and hepatocyte-derived miR-139-5p Figure 2 Validation study using real-time PCR for miR-139-5p. In addition to the initial samples, 10 additional cases of various PBC subtypes and controls were quantified. The threshold cycle for the miR-139-5p primer/ probe set was normalized against a cel-miR-39 primer/probe pair and compared with the control. The expression levels of miR-139-5p in the hepatic failure and portal hypertension groups were significantly reduced in comparison with the others. In the gradually progressive type, miR-139-5p tended to be decreased relative to the healthy controls, although the difference was not significant. *Po0.05.
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had equivalent levels of expression, unlike the PBC samples (Figure 3b) . Furthermore, the level of expression of lymphocyte-derived miR-139-5p from PBC was significantly higher than that from either AIH or CHC, whereas the level of expression of hepatocyte-derived miR-139-5p from PBC was significantly lower than that from either AIH or CHC (Figure 3c ). These findings confirmed that the expression pattern of miR-139-5p was specific to PBC tissue.
In situ Hybridization For Detection of miR-139-5p in PBC Tissue
In situ hybridization demonstrated that miR-139-5p was strongly expressed in lymphocytes in areas of CNSDC in PBC liver tissue. Also, it revealed that miR-139-5p was constantly expressed in the nuclei of hepatocytes (Figure 4 ). This pattern of miR-139-5p expression in hepatocytes was similar to that seen in those from hepatocytes in other liver diseases, AIH and CHC (supplementary Figure 2) . This result confirmed that miR-139-5p was usually present in the nuclei of hepatocytes, although its expression was specifically upregulated in lymphocytes infiltrating the liver in PBC.
Elevated Level of the Pro-Inflammatory Cytokine TNF-α in miRNA-Transfected Cells For analysis of miR-139-5p function in PBC, Huh7 cells were manipulated by introduction of miR-139-5p according to the protocol described above. Among various pro-inflammatory cytokines, the level of TNF-α was significantly elevated (mean: 380.5 pg/ml) in the supernatant of cells with upregulated miR-139-5p relative to that of control cells (mean: Figure 3 Laser capture microdissection of paraffin-embedded liver tissues from PBC patients. (a) Areas containing hepatocytes or infiltrating lymphocytes in CNSDC were selectively dissected, respectively, using LCM; the left columns show the histology before LCM and the right columns that after LCM (H&E). The bottom is the area of hepatocytes after LCM (H&E, 25 × ). (b) The expression levels of hepatocyte or lymphocyte-derived miR-139-5p were measured by digital PCR; lymphocyte-derived miR-139-5p expression was significantly higher than that from hepatocytes. Furthermore, lymphocyte-derived miR-139-5p and hepatocyte-derived miR-139-5p showed equivalent expression levels in control samples of other liver diseases (AIH, CHC). (c) Lymphocyte-derived miR-139-5p expression in PBC samples was significantly higher than that in AIH or CHC samples (upper). Conversely, hepatocyte-derived miR-139-5p expression in PBC samples was significantly lower than that in AIH or CHC samples (lower). Shown are means ± s.d. *Po0.05; **Po0.01. Scale bare = 50 μm.
miR-139-5p and clinical progression of PBC T Katsumi et al 38.2 pg/ml) (Figure 5a ). Furthermore, RT-PCR showed that the level of TNF mRNA in transfected cells was increased more than fourfold in comparison with control cells (Figure 5b ).
c-FOS, an Important Target Gene of miR-139-5p
We focused on miR-139-5p, which shows a specific expression pattern in clinically advanced PBC. Use of TargetScan Human 7.0 and microRNA.org database for miR-139-5p and clinical progression of PBC T Katsumi et al predicting the target gene of miR-139-5p identified it as c-FOS. Among various predicted genes, c-FOS has two 3'-UTR regions (positions 96-102 and 526-532, conserved) that are repressed by miR-139-5p (Figure 6a) . Especially, the conserved position 526-532 is common in both algorithms. Also, the mirSVR score was − 1.2648 and the PhastCons score was 0.7442. Therefore, it was considered that c-FOS would be strongly controlled by miR-139-5p as a biological target. Although c-FOS mRNA expression in miR-139-5p-transfected cells was not changed (Figure 6b ), western blotting showed that expression of c-FOS protein standardized against β-actin in miR-139-5p upregulated cells was decreased in comparison to that of control cells ( Figure 6CD) . Also, c-FOS in control cells or β-actin in both cells showed the same level of expression. This result indicates that c-FOS gene transcription is obviously regulated by miR-139-5p, and thus c-FOS protein expression is repressed.
Mechanism of Inflammation Regulation Through miR-139-5p in the NF-κB Signaling Pathway We examined the relationship of c-FOS regulation by miR-139-5p with TNF-α using pathway analysis. This revealed a novel inflammation-regulatory mechanism between TNF-α and c-FOS transcription through miR-139-5p in the NF-κB signaling pathway (Kyoto Encyclopedia of Genes and Genomes: KEGG).
Generally, TNF-α first binds to the tumor necrosis factor receptor1 (TNFR1) in the NF-κB signaling pathway, and activates the downstream part of the pathway. Subsequently, IκB proteins of NF-κB are degraded by phosphorylation, and then NF-κB p65/p50 subunits move to the nucleus and accelerate the inflammatory response. c-FOS protein acts on this p65 subunit, and this has a role in inhibiting the induction of TNF-α. 43 The increased miR-139-5p inhibits the transcription of c-FOS and TNF-α transcription is accelerated. Thus, the NF-κB signaling pathway is finally activated and it could induce the further production of TNF-α. Furthermore, elevation of the TNF-α level might exacerbate bile ducts injury by positive feedback acceleration (Figures 7a and b) .
DISCUSSION
The diagnosis of PBC is established on the basis of serobiochemical and histopathological criteria. This allows many patients to be diagnosed at an early stage, thus facilitating prompt treatment, although some patients do not respond to standard therapies and show progression to liver failure or portal hypertension, eventually requiring either liver transplantation or endoscopic therapy. 23 Thus, although the diagnostic criteria for PBC have been established, the clinical progression of PBC has been unpredictable. To clarify the different clinical subtypes of PBC, we focused on miRNAs that have been reported to be related to the pathogenesis of a number of human diseases. 28, 41, [44] [45] [46] Although several previous studies have reported the expression patterns of miRNAs in tissue or serum from patients with PBC, those operating in the clinical progression of PBC have remained unclear. In the present study, we identified specific patterns of miRNA expression in serum from patients with the three clinical PBC subtypes using both deep sequencing and digital PCR. Hierarchical clustering of the 97 identified miRNA profiles revealed that the patterns characterizing the hepatic failure and portal hypertension types differed from those characterizing the gradually progressive type and controls, suggesting that some miRNAs may be involved in the clinical progression of PBC, or that some cases may progress as a result of specific changes in the expression of some miRNAs. It appeared that some miRNAs had important roles in the mechanisms underlying disease progression in the various clinical subtypes. Among the 97 miRNAs identified in this study, some were represented in very small amounts, which made the validation experiments difficult. Nevertheless, we suspected that these miRNAs had an important role in the disease process, and we focused on one potentially important miRNA, miR-139-5p, which had previously been reported in cases of PBC. 33 We found that the expression of miR-139-5p changed significantly: real-time PCR confirmed that miR-139-5p in serum from patients with advanced PBC (portal hypertension type and hepatic failure type) showed lower expression in comparison with early PBC (gradually progressive type) and healthy controls.
Furthermore, in PBC liver tissue, the expression of miR-139-5p in lymphocytes constituting CNSDC was significantly higher than that in hepatocytes from the same patient. This difference of miR-139-5p expression was not observed in samples from patients with other liver diseases (AIH and CHC). Also, the expression of miR-139-5p in lymphocytes from PBC tissue was higher than that in lymphocytes from the other liver disease controls. On the other hand, the expression of miR-139-5p in hepatocytes from PBC liver was lower than that in hepatocytes from other liver disease controls. Although the main site of action of miR-139-5p in the liver (ie, lymphocytes or hepatocytes) remains undetermined, we confirmed that miR-139-5p likely has an important role in the progression of PBC, and that from a histologic viewpoint altered expression of miR-139-5p appears to be specific to PBC. Taken together with the data from serum deep sequencing, it appears that miR-139-5p has a specific role in the progression of PBC.
Several studies have reported that miRNAs have specific expression patterns in various diseases. However, there have been few detailed examinations of miRNA biological function in the liver. Therefore, as a next step, we also attempted to clarify the function of miR-139-5p which we had identified.
Among various predicted genes, we identified c-FOS as the target gene of miR-139-5p in silico. This result was consistent for the conserved position and scoring in algorithms. c-FOS is a member of the FOS family, which also includes AP-1 with the Jun proteins (jun-B, c-jun). 47, 48 c-FOS protein also functions to suppress inflammatory responses, ie, c-FOS protein acts directly on the NF-κB p65 subunit, thus inhibiting the pathway downstream of NF-κB and induction of pro-inflammatory cytokines including TNF-α. 49 A previous study reported that the c-FOS gene was downregulated in peripheral blood mononuclear cells isolated from PBC patients. Furthermore, expression of c-FOS recovered after treatment with UDCA. 50 The pro-inflammatory cytokine TNF-α has also been reported to be increased in sera of PBC patients at the advanced stage. 8 Thus, reduced c-FOS protein and increased TNF-α would exacerbate cholangitis in PBC. Therefore, in terms of treatment response, c-FOS might be an important factor responsible for more severe inflammation in PBC.
In the present study, we revealed that miR-139-5p suppresses c-FOS transcription in Huh7 cells. In silico, miR-139-5p regulates only c-FOS not another target of the pathway from the results of two predictive algorithms and confident scoring. Downregulated c-FOS protein in cells with upregulation of miR-139-5p induces further production of TNF-α through NF-κB activation. In situ hybridization and RT-digital PCR showed that miR-139-5p was overexpressed in lymphocytes around portal areas in the liver of PBC patients. Therefore, expression of c-FOS protein was reduced by miR-139-5p inhibition in lymphocytes of PBC patients, in accord with the previous report. 50 In vitro, our study showed that miR-139-5p regulates c-FOS transcription and induces greater production of TNF-α in the NF-κB signaling pathway. As the limitation in the current study, we tried to measure TNF-α and c-FOS levels in hepatocytes and lymphocytes obtained from LMD to confirm if they correlate with the findings of miR-139-5p. However, we are not able to measure them in the current isolated cells by LMD method. As the expression levels of total RNAs and proteins in FFPE tissue is quite limited, it is technically impossible to measure the protein levels of these using standard laboratory methods (eg, ELISA or Immunoblotting). Finally, we examined the relationship among miR-139-5p, c-FOS and TNF-α in PBC, and found a novel inflammation-regulatory mechanism involving TNF-α and c-FOS transcription through miR-139-5p in the NF-κB-signaling pathway.
The present results revealed that infiltrating lymphocytes were the main source of miR-139-5p, although the level of expression did not reflect that in serum samples. Therefore, we speculate that miRNA from surrounding hepatocytes might mask the increase of miR-139-5p in lymphocytes.
Our present finding that miR-139-5p is a novel regulatory factor in PBC progression is very important from two aspects. One is that the identified miRNA might have potential as a predictive biomarker. The change of miR-139-5p over time after an initial treatment, UDCA administration did not cause significant difference in each group. Thus, regardless of treatment, miR-139-5p specifically reflects according to the clinical condition of PBC. This means a possibility of evaluating miR-139-5p as a novel disease biomarker of PBC. Establishment of novel biomarkers for prognostication of PBC, especially at the time of diagnosis, would seem feasible, and miRNAs are now emerging as highly tissuespecific biomarkers with potential clinical applicability. Therefore, we think that this specific miRNA could become a novel biomarker for predicting the clinical course of PBC at the time of diagnosis.
Another important finding is that miR-139-5p could be specifically involved in the progression of PBC, and thus could become a potential therapeutic target. miRNAs regulate post-transcription and have an important role in biological processes. Therefore, regulation of miR-139-5p could be exploited for molecular targeting in the treatment of PBC, and this miRNA could become not only a biomarker of disease progression, but also a novel therapeutic target for patients with progressive PBC subtypes.
